Various methods, based on the use of ion beams, were used for the fabrication of planar and channel optical waveguides and Bragg gratings in optical crystals and glasses. Some examples of the results of these researches are presented in this review. Researches were initiated on ion beam fabrication of planar and channel optical waveguides in tellurite glasses. The ions used in the experiments were mainly helium, carbon, nitrogen and oxygen. In case of the two dimensional elements, like channel waveguides, both masked ion implantation and direct writing with ion microbeam were used. Optical microscopy (phase contrast, interference and interference contrast (INTERPHAKO), spectroscopic ellipsometry, m-line spectroscopy, Rutherford Backscattering and micro Raman spectroscopy were used to test the integrated optical elements.
INTRODUCTION
Realization of light confinement in optical guiding structures, both longitudinally and transversally, represented the milestone for the development of Integrated Optics (IO) devices of various functionalities, like optical amplification and light coupling or splitting, coexisting in a same chip (Miller, 1969 and Jaouen, 1999) . Currently, the main effort in this field, coming from the research is that of discovering and developing the best materialsfabrication processes combination in order to reduce the cost and increase the performance of the previously mentioned devices. Glasses and crystals, because of their physical and optical properties, continue to find an even more increasing interest in different technology fields. Generally, glasses with their amorphous structure and relatively low refractive better interface with the optical fiber, thus resulting in lower values of coupling losses in the optical devices (Li, 2011 and Zou, 2001) .
Glasses doped with Rare Earth (RE) ions are still the best choice for the development of integrated optical amplifiers where the request of a flat gain in a broader bandwidth is well satisfied by the disordered structure of these materials (Ogoshi, 2000 and Ohishi, 1998) . Crystalline materials with their nonlinear properties and possibility of refractive index modulation by different effects, such as electrooptical and/or thermo -optical, are strongly used in different fields of the optoelectronics (Wooten, 2000 and Xu, 2015) . Due to their ordered structure, these materials represent a suitable RE host for the realization of high gain and low threshold lasing devices (Sohler, 2005) .
Ion beam irradiation, thanks to its high controllability and reproducibility, represents a suitable technique for the fabrication of integrated optical elements, such as active and passive waveguides and optical gratings, in most optical materials. (Townsend, 1994 , Chen, 2012 , Peña-Rodríguez, 2012 .
Buried planar and channel waveguides were usually obtained using light ions (i.e.: protons, helium) via increasing the index of refraction of the target in a zone around the stopping range, which is relatively long for these kind of ions (Ren, 2010 , Yao. 2011a , Yao, 2011b .
Medium-mass ions, especially carbon and oxygen, were also used for fabrication of optical waveguides in amorphous and crystalline materials (Tan, 2007 , Zhao, 2010 , Montanari, 2012 , He, 2013 , Liu, 2014 .
Formation of adequate refractive index changes for waveguide fabrication with light and mediummass ions requires relatively high fluences, in the 10 15 -10 17 ions/cm 2 region, especially when the mass and energy of the implanting ion are low.
The use of swift heavy ion irradiation for the modification of the optical properties of materials was first reported in the1990's. Aithal and his co-workers irradiated organic nonlinear optical crystals with 100 MeV Ag 14+ ions, and studied optical properties of the irradiated samples (Aithal, 1997 (Opfermann, 2000) . Track and amorphous layer formation were due to electronic interaction, and could be explained using the Gibbons model (Gibbons, 1972 (Olivares 2005b ). An amorphised layer situated around the maximum of electronic stopping power served as optical barriers while the layer left below the crystal surface remained crystalline and constituted the well of the optical waveguide.
EXPERIMENTAL

Planar Waveguides
Based on the results of our previous results of the fabrication of low grating-constant optical gratings in Pyrex glass with helium and nitrogen implantation in the 500 keV -2 MeV energy range (Bányász, 2001) , we opted for the use of nitrogen ions for the fabrication of planar optical waveguides. We succeeded in fabricating planar optical waveguides in an Er-doped tungsten-tellurite oxide glass with 1.5 MeV N + ion implantation at fluences up to 8 ·10 16 ion/cm 2 (Berneschi, 2011) . The waveguides proved to operative up to the wavelength of 980 nm. This was due to the limitations caused by the small thickness of the guiding well, 1.6 µm, calculated by the SRIM code (Ziegler, 2004) . Propagation losses in the waveguides were reduced by thermal annealing of the implanted samples. Further experiments using implantation with N + ions of an increased energy of 3.5 MeV resulted in planar optical waveguides in the same glass operating up the 1550 nm telecommunication wavelength (Bányász, 2012) .
Appearance of the leaky modes in ion beam implanted planar optical waveguides is due to the low thickness of the barrier layer produced around the stopping range of the implanted ions. To overcome that problem, double-energy ion beam implantation was used (Bányász, 2013) . Design of such planar waveguides is presented in Figures 1 and 2 . The target material was sillenite type BGO crystal (Bi12GeO20). Double energy N + ion implantations were simulated using the SRIM code. The higher energy in each case was 3.5 MeV, the highest available energy at the one- stage accelerator used for those experiments, while the lower energies ranged from 2.5 to 3.25 MeV.
It can be seen in both Figures 1 and 2 that higher implantation energy differences resulted in thicker barrier layers and slightly reduced well thickness. Waveguide operation at the 1310 and 1550 nm telecommunication wavelength was demonstrated in the planar waveguides fabricated in the Er-doped tungsten-tellurite oxide glass and the sillenite type BGO, see Figure 3 .
With access to a modern Tandetron accelerator, implantation with higher-mass ions at higher energies became possible. In one of those experiments, planar optical waveguides were formed in an Er: LiNbO 3 crystal by implantation with 5 MeV N 3+ ions. Calculated depth distribution of the ions in the target is shown in 
Bragg Gratings
Multi-energy ion implantation makes it possible to fabricated optical elements structured in depth. Such elements can be stacked planar waveguides or Bragg gratings. Depth distribution of the implanted ions is of flat-topped skewed Gaussian, and the position of the peak of those curves changes monotonically with ion energy. Design of such a Bragg grating, made by the SRIM code, is shown in Figure 6 . Total thickness of the Bragg grating was about 3 µm, grating constant Λ = 0.5 µm. However, depth distribution of the damage shows only about one third of the modulation seen in Figure 6 .
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Figure 6: Calculated depth distribution of the implanted ions across a Bragg grating in silicon. The energies were 800 keV, 1.4, 2.0, 2.75 and 3.5 MeV.
The Bragg grating was studied using NIR reflectometry. The results of the measurement are presented in Figure 7 . The high modulation in the reflectivity suggests a strong refractive index modulation in the grating. Instead of varying the energy of the implanted ions in a bulk target, one can fabricate ion implanted Bragg grating in another way. One can combine the use of relatively low-energy ions and thin film deposition. Once a thin film of thickness corresponding to the designed grating constant of the Bragg grating is deposited on a substrate, it is implanted with low-energy ions of a suitable energy to obtain an ion distribution centered at the middle of the layer. Then the whole procedure is repeated until the desired total thickness of the Bragg grating is reached. Similarly, to the previous method, stacking of the ion-implanted thin layers can result in a quasisinusoidal depth profile of the refractive index.
Such Bragg gratings were prepared in SiO 2 thin films, both on silicon and glass substrates. The Bragg gratings were studied by Rutherford Backscattering Spectrometry (RBS). The results of the RBS study can be seen in Figure 8 . The sample was prepared by repeating Chemical Vapor Deposition (CVD) of SiO 2 thin layers (first 300 nm and then twice 200 nm) and low-energy ion implantation of each layer by 130 keV Zn + ions on a silicon substrate. Both the measured and simulated RBS spectrum spectra and the calculated depth distribution (inset) of Zn in the sample show regular quasi-sinusoidal distributions. The high implanted fluences (2·10 16 ions/cm 2 each) resulted in about 3 % peak Zn concentration (see inset). That concentration implies high modulation of the refractive index, so that even a low number of implanted grating layers could result in high diffraction efficiency.
Diffraction efficiency measurements of the various ion implanted Bragg gratings are under way.
Channel Waveguides
Two basic methods were used for the fabrication of channel waveguides in Er-Te glass, eulytine and sillenite type BGO crystals, CaF 2 , LiNbO 3 and other optical crystals. The first one was implantation through masks. Various masks were used, such as a special silicon membrane mask that contained 24 μm wide slits and a patterned thick AZ4562 photoresist layer on the surface of the sample. The thickness of the channel waveguides was between 5 μm and 24 μm. Experiments using both methods were also carried out at the van de Graaff accelerator of the Wigner Research Centre for Physics, using N + ions at energies of 1.5 MeV and 3.5 MeV.
The second method was direct the writing of 15-µm channel waveguides in Er-Te glass with carbon, oxygen and nitrogen microbeams of low (around 5 MeV) and high (around 10 MeV) using a 3-MV Tandetron 4130 MC (High Voltage Engineering Europa B.V.) accelerator with a quadrupole triplet OM150 Oxford Microbeams Ltd. at the Řež Nuclear Physics Institute, Czech Republic.
Design of channel waveguides was similar to that of the planar ones. However, lateral confinement in the ion-implanted channel waveguides was not always automatically ensured in the experiments.
The first working channel waveguides were obtained in an Er: tungsten-tellurite glass, using a thick silicon membrane with 24 µm wide slits and implantation with 1.5 MeV energy N + ions (Berneschi, 2007) . Guiding up to λ = 980 nm was demonstrated. Green upconversion at the same wavelength was also observed. Interference phase contrast (INTERPHAKO) microphotos of the channel waveguides are shown in Figure 9 . In Figure 9 , higher difference in hue corresponds to a higher difference in optical path, and hence refractive index modulation in the ion-implanted channel waveguides.
Profilometric scans (performed by a Talysurf device) of the ion implanted channel waveguides revealed that, depending on the implanted fluence, a swelling or depression of the implanted surface can occur. The results are shown in Figures 10 and 11 .
Just a two-fold increase in fluence drastically changed the sign and profile of the surface change across the ion-implanted channel waveguide. More recently, the same method was used to fabricate channel waveguides in the same Er: tungsten-tellurite glass, but with N + ions of 3.5 MeV energy. Functionality tests of those channel waveguides are under way. The channel waveguides were also studied using micro Raman spectroscopy. Result of such a measurement is shown in Figure 12 .
Note the appearance of new Raman lines in the implanted region, as very prominent manifestation of the structural changes caused in the target by the ion implantation. As for the direct writing of channel waveguides, a number of samples have been completed so far, and functionality tests are under way. Just to illustrate the practical difficulties arising in such experiments, microscopic photographs of two sets of focused ion beam written channel waveguides are presented in Figure 13 .
It can be seen that in the absence of charge compensation the electric field of the charge accumulating on the surface of the sample periodically deviates the ion microbeam, resulting in broken channel waveguides (Figure 13 A) . After installing an electron source in the vacuum chamber charge accumulation was eliminated, and contiguous channel waveguides could be written (Figure 13 B) .
CONCLUSION
It was proved that various integrated optical elements could be fabricated with ion implantation, using medium-mass ions, such as carbon, nitrogen and oxygen of energies in the 1-10 MeV range. Planar and channel optical waveguides and Bragg gratings were fabricated by the ion beam techniques. The optical elements were prepared in a number of optical crystals and glasses, e.g. sillenite and eulytine type BGO, doped and undoped LiNbO 3 , SiO 2 , Si and Er: -tungsten-tellurite glass. As for the results with ion implanted planar waveguides, it was found that nitrogen ion implantation resulted in higher refractive index contrasts and hence better confinement than the previously widely used proton and helium ion implantation. It proved to give even better results in several materials than carbon and oxygen implantation. Double-energy implantation was successfully adapted in those experiments to produce wider barriers and suppress leaky modes. Thermal annealing was used to eliminate or reduce lattice damages caused by the implantation and reduce propagation losses. Operation at telecommunication wavelengths of 1310 and 1550 nm was demonstrated in the waveguides written in the majority of the glass and crystalline materials studied. It was demonstrated that Bragg gratings of quasi-sinusoidal profile could be fabricated in glasses and crystals either by multienergy implantation with MeV energy ions or by the combination of the growth of a stack of thin films and successive implantation of low-energy (50-100 keV) ions in each layer. In principle, high diffraction efficiency could be achieved with such gratings consisting of a relatively low number of grating periods, and having a moderate refractive index modulation. Ion beam implantation through special masks and direct writing with medium-to highenergy focused beams of medium-mass ions was proposed and used for the fabrication of channel waveguides. The first channel waveguides fabricated in an Er: -tungsten-tellurite glass by implantation through mask operated up to the wavelength of 980 nm. Although evaluation of a large part of the ion beam implanted optical elements is still under way, the results so far confirmed show that ion beam fabrication is an adequate method for fabrication of various types of optical elements. The use of swift heavy ions is an especially promising method, since it requires very low fluences (down to 10 11 ions/cm 2 ), corresponding to short processing times.
